Abstract There are concerns that a substantial proportion of published research data is not reproducible, which may partially explain the frequent failure to translate pre-clinical results to clinical care. High-quality cancer biospecimens are needed for robust, reproducible research findings, with most researchers obtaining these specimens from cancer biobanks or tumour banks. This review provides an overview of the types of quality control (QC) activities conducted within cancer biobanks that pertain to biospecimen quality and of biospecimen quality reporting tools, including SPREC and BRISQ. We examine how QC assay results and other biospecimen data are communicated from biobanks to researchers, and whether these activities lead to improved biospecimen quality reporting within the literature and/or to improved research outcomes. We also discuss operational factors that limit QC activities within biobanks and evidence gaps requiring further research. In summary, whereas the provision of quality biospecimens is a common aim of cancer biobanks, QC activities remain underreported and are rarely discussed in the literature, compared with other aspects of biobank operations. Further research is required to determine how biobanks can most efficiently optimise biospecimen quality, and how communication between biobanks and researchers can be improved.
Many researchers and commentators state that irreproducible pre-clinical data are largely responsible for the failure to translate research results to the clinic, and the need to improve the current situation has been widely recognised (Buck 2015; Freedman et al. 2015; Ioannidis 2014) . Inadequate reproducibility may be at least partially responsible for the mismatch identified between research inputs and outputs, such as improvements in human life expectancy between 1965 and 2014 (Bowen and Casadevall 2015) . While the generation of irreproducible data may achieve short-term gains for researchers in the form of publications and further funding, this can lead to years of wasted effort from potentially numerous research groups who attempt to replicate and/or extend these results, as well as wasted research funds (Ioannidis 2014) . Furthermore, where irreproducible results contribute to clinical trials or other patient interventions, these can result in patients being administered treatments that do not work (at best) or produce active harm (at worst). In both these cases, potentially effective treatments can also be wrongly withheld and healthcare resources wasted. Even in the highly regulated environment of cancer diagnostics, false-positive and false-negative results persist, in part due to variable biospecimen quality (Hicks et al. 2011; Wolff et al. 2013 ).
The changing landscape of biospecimen use in cancer research
Biomedical research typically consists of pre-clinical or discovery research, which requires validation in independent sample cohorts, followed by testing through clinical trials before these discoveries can be translated into clinical practice (Fig. 1) . Pre-clinical cancer research frequently involves experiments using model systems such as cancer cell lines and animal models of disease. Cancer cell lines are accessible, inexpensive and, in some cases, represent adequate disease models (Wilding and Bodmer 2014) . Concerns over the impacts of cell line cross-contamination and mis-identification are now being addressed through better cell culture practices (Geraghty et al. 2014 ) and journal-imposed requirements for researchers to authenticate cell lines using short tandem repeat (STR) profiling (Lichter et al. 2010) . However, other limitations, such as those imposed by routine cell culture systems, the consequences of long-term passaging, including loss of tumour heterogeneity, and genetic drift from genomic instability, result in cell lines incompletely representing the original tumour state within the host (LaBaer 2012; Wilding and Bodmer 2014) . The growth of cancer cell lines as xenograft models provides a three-dimensional tissue environment (Wilding and Bodmer 2014) , but not always one that is orthotopic (Saletta et al. 2014 ). Xenograft models also present additional barriers, such as high cost and low-throughput capacity (Wilding and Bodmer 2014) , in addition to the physiological differences between small animal models and humans (see review of Lal et al., this edition of Biophysical Reviews). Because of these limitations, researchers are increasingly seeking to perform pre-clinical studies using human cancer samples and associated tissue controls. As cell lines which reflect all human cancers are not yet available (Boehm and Golub 2015) , studying human cancers directly can provide a better representation of disease (Lawrence et al. 2014) . Wellannotated biospecimens can enable associations to be tested between measures of interest and provide data on the host, the disease present, the treatment(s) given and patient outcome.
Biospecimens have also gained prominence in cancer research through the rise of transcriptomics, genomics and proteomics technologies, which permit the analysis of hundreds or thousands of analytes per individual sample (Micheel et al. 2012) . These high-throughput techniques place increased requirements upon sample numbers, as they require large cohorts to reduce the ever-present problem of data overfitting (Micheel et al. 2012 ). An analysis of the numbers of biospecimens used in three different cancer research programmes revealed that the numbers of biospecimens employed increased by sixfold between 2001-2003 and 2010-2012 , and average cohort sizes increased from approximately 50 to 200 cases (Braun et al. 2014) . The requirement for increased sample numbers is also further driven by the need for independent test and validation cohorts in order to provide pre-clinical data suitable for further translation (Fig. 1) .
Increased information at the genomic and transcriptomic level has also allowed researchers to understand the degree of inter-tumour heterogeneity that exists in diseases that were previously subject to much simpler classification systems (Vogelstein et al. 2013; Watson et al. 2013) . The availability of transcriptomic and genomic data for large numbers of cancer biospecimens has enabled the identification of recurrent gene expression and sequence alterations in common cancer types (Watson et al. 2013) . Similarly, many individual gene alterations are present in only small percentages of tumours diagnosed (Lawrence et al. 2014) . Depending upon the inherent mutation rate, which varies substantially between cancer types (Lawrence et al. 2013) , very large sample cohorts will be required to document all relevant genetic changes in many cancers (Lawrence et al. 2014) . While this may appear to be an exercise in diminishing returns, the presence of targetable alterations in even small proportions of different cancers can extend the benefits of personalised medicine to patients beyond those groups for which the targeted therapy was designed. Good examples are the agents/drugs which target ERBB2, which were originally developed for treating ERBB2-positive breast cancer. Recognition of less frequent ERBB2 alterations in other cancers has allowed these drugs to benefit additional patient populations characterised by poor disease outcomes (Yarden and Pines 2012) . It is also important to recognise that these fundamental advances in medicine require the use of biospecimens at every stage (Fig. 1) .
Overview of cancer biobanks
Cancer biospecimens are increasingly sourced from formal cancer biobanks (Simeon-Dubach and Watson 2014; Vaught and Lockhart 2012) . We have previously defined a cancer biobank as a standardised, not-for-profit collection of human biospecimens with associated data records and consent process for the purpose of distribution to cancer researchers for population or disease-specific research (Rush et al. 2015) . Cancer biobanks vary in size, the number of staff employed, the types of specimens collected (cancer vs. normal samples), the formats of specimens collected, the types of clinical and sample information collected, their underpinning financial support models and, most importantly, in terms of their biospecimen access policies (Rush et al. 2015) . Some cancer biobanks are linked with particular research studies and/or only make samples available to collaborators, whereas others support unspecified research and as such employ open access policies (Watson and Barnes 2011) .
Cancer biobanking is not a new activity, but since approximately 2000, there has been greater investment in and focus upon biobanking as a requirement for robust cancer research (Ahmed 2011; Barnes et al. 2008; Zika et al. 2011) . Despite this increased focus on the requirement for biobanks to store and supply cancer biospecimens of sufficient quality, The Cancer Genome Atlas (TCGA) sequencing projects encountered major and unexpected challenges in sourcing the required frozen tumour and matched normal samples that met histological quality control assessments (Blow 2009; Olson and Berger 2011) . This reported crisis in biospecimen sourcing was reflected in survey results indicating that many cancer researchers were unable to access sufficient quantities of highquality biospecimens . Similarly, a more focused study of academic and industry leaders revealed that biospecimen quality was ranked as the top challenge to obtaining the biospecimens required by both participant groups (Myles et al. 2011) .
Access to biospecimens of sufficient quality remains a major challenge for cancer researchers today. Biological reagents and reference materials have been described as the largest single contributor to irreproducibility of pre-clinical results (Freedman et al. 2015) . Ongoing difficulties in locating and obtaining appropriate biospecimens of high quality lead many biomarker researchers to continue to employ Bsamples of convenience^, which are by definition accessible, but of uncertain integrity (Anderson et al. 2013) . Such studies produce the lowest level of associated evidence, but are the most common type of biomarker study reported (Simon et al. 2009 ). The continued support of uncoordinated, fragmented research using heterogenous biospecimens in non-standardised assays will therefore only delay the availability of candidate markers entering clinical validation (Poste 2012 ).
Introduction to biospecimen quality
Many individual factors impact upon the quality of a biospecimen, which can also be described as whether it is fit for purpose (Lim et al. 2011; Moore et al. 2011) . Cancer biospecimens can be used in a variety of experiments requiring DNA, RNA, protein, lipids and other cellular constituents. These cellular components exhibit different stability and robustness (Shabikhani et al. 2014) . For example, it is widely accepted that DNA is relatively stable, being designed to carry genetic information between generations. In contrast, the stability of RNA and protein species varies widely according to their function and/or site of expression or activity. Posttranslational modifications to proteins and metabolism intermediates have in many cases evolved to signal transient information and are therefore highly labile (LaBaer 2012). Consequently, biospecimen quality can be considered as a sliding scale, depending upon the end user's specific experimental requirements. It is possible that a given set of biospecimens may be of sufficient quality for DNA sequence analyses, but that the same cohort may perform variably, or poorly, in a proteomics study. It is also recognised that fitness for purpose will evolve with increasing knowledge, or may yet to be discovered. For this reason, some biobanks advocate minimal sample processing in order to cater for future applications where requirements are as yet unknown (Elliott et al. 2008) . The advantage of storing biospecimens intact without processing was illuminated through the discovery of microRNAs that would have been lost through routine processing for protein, mRNA and DNA ).
The biospecimen lifecycle-what can and cannot be controlled
The biospecimen lifecycle has been described to explain the steps involved in biospecimen collection and processing (Moore et al. 2011 ). The lifecycle involves specimens being sampled, collected, processed, stored within the biobank, shipped to recipient(s), stored within the recipient's site and subjected to analysis procedures, with the additional possibility that excess material may also be shipped back to the biobank for further storage and redistribution (Fig. 2) . The overall pre-analytical phase includes the lifecycle stages from patient to sample distribution ( Fig. 2 ). Variations at each stage of the biospecimen life cycle can individually and collectively impact sample quality or whether a sample is fit for purpose. Biospecimens have been described as being subjected to Bindustrial-strength biologic stresses^during the sample collection process, which take place both before and after sample acquisition (Olson and Berger 2011) . These stressors can activate pro-survival signalling pathways within the biospecimen, which could be confused with underlying disease processes, particularly when high-resolution, multianalyte assays are employed (Lim et al. 2011) . Furthermore, in the context of cancer biobanking, if matched tumour and normal specimens are not subjected to the same collection protocols, differences in processing may create additional apparent class differences beyond those caused by disease status (Lim et al. 2011) . Differences in biospecimen quality may therefore contribute to or further complicate the interpretation of batch effects within high-throughput data (Leek et al. 2010) .
Some elements of the biospecimen lifecycle cannot be controlled by biobanks (Riegman et al. 2015) . The disease within the host usually cannot be influenced (Olson and Berger 2011) , although it has been proposed that prospective biobanking can lead to earlier disease diagnosis and similarly to better patient outcomes (LaBaer 2012). Anaesthesia (type and duration) and arterial clamp time reflect surgical requirements, as opposed to those of downstream biospecimen researchers (Olson and Berger 2011; Lim et al. 2011) . Similarly, sampling and collection procedures may reflect clinical requirements and protocols, as opposed to those preferred by biobanks and researchers. Variables associated with postsample acquisition include ambient temperature and duration, fixatives used and fixation procedures, rate of freezing, storage temperature and aliquot sizes (Olson and Berger 2011) . Once a biospecimen is under the control of a biobank, it is important that collection, processing, storage and shipping occur according to defined, evidence-based protocols which are in place to maximise sample integrity. Considerations regarding the procurement, optimal storage temperatures (including freeze-thaw cycles) and quality control (QC) tools for tissue and blood samples have recently been reviewed in detail elsewhere (Ahmed 2011; Hubel et al. 2014; Shabikhani et al. 2014) . Biophysics research using methods such as confocal Raman spectroscopy (Dong et al. 2010 ) has been critical for increasing our understanding of nucleation and ice crystal growth within cells and tissues, and has thereby provided an evidence base for biospecimen freezing and low-temperature storage protocols (Hubel et al. 2014 ). The comparative analysis of other biophysical properties of transformed versus nontransformed cells, such as resistance to fluid shear stress , may also be of future relevance to biopreservation technology.
Biospecimen QC in cancer biobanks
Biobanks undertake a range of possible QC activities to measure or predict biospecimen quality. The results of these activities, which include confirming patient identity, histological diagnosis, and percentage of tumour cells, as well as routine database audits (Shabikhani et al. 2014) , may determine whether samples are retained within the biobank and/or provided to researchers (Herpel et al. 2010) (Fig. 3) . The net effects of variations in pre-analytical factors are typically assessed using measures of sample integrity, such as hemolysis in the case of blood samples, and the integrity of extracted RNA and DNA. In the case of proteins, quantitative and sample integrity reference proteins are currently lacking, but these would be welcomed by proteomics researchers (LaBaer 2012).
Concomitantly with authentication becoming more frequent among the large community of researchers employing cell lines (Geraghty et al. 2014; Lichter et al. 2010) , the potential for sample misidentification in biobanks is being recognised and acted upon, although data regarding the rates of sample misidentification are generally lacking. Sample authentication can be achieved by STR profiling of archived blood spots on Guthrie cards collected prior to sample archiving that can be assayed as required (Cardoso et al. 2010 
Biospecimen QC reporting by cancer biobanks
Most cancer researchers have indicated that they want more information about the biospecimens that they use . For some biospecimen quality measures, researchers can perform their own assays to derive quality measures, such as A260/A280 ratios to measure nucleic acid purity, and RNA integrity numbers and other measures of nucleic acid integrity. In the case of samples supplied as formalinfixed, paraffin-embedded specimens, researchers can request local advice to confirm histopathological diagnoses and percentages of tumour cells. This is likely to be more challenging in the case of frozen samples, and such assays can also reduce the amount of tissue that remains available for research. However, some quality measures cannot be simply replicated by researchers, such as confirmation of sample identity and the integrity of data supplied (Kiehntopf and Krawczak 2011) . It is also important to recognise that experimental QC assay results reflect the cumulative effects of potentially many individual pre-analytical variables, and provide little or no information about which variables most directly contributed to biospecimen quality in particular cases. However, biobanks are ideally placed to directly measure or otherwise collate a range of information relevant to the biospecimen lifecycle and to communicate this information to researchers.
Data from a 2012 survey of U.S. biobank managers (Henderson et al. 2013a) showed that 78 % of biobanks surveyed use standardised Material Transfer Agreements (MTAs) to communicate information from biobanks to researchers (Henderson et al. 2013b Science, who recognised a requirement for standardised nomenclature to describe biospecimen handling, from specimen collection to analysis. This seven-element code differs slightly for fluids and solid tissues and is designed to integrate into biobank quality management and inventory systems (Betsou et al. 2010) . The SPREC was updated in 2012, in response to user feedback and a broadening of its scope (Lehmann et al. 2012) , and is now incorporated, in compliance with the aim of the Biobanking and Biomolecular Resources Research Infrastructure (BBMRI), into the Swedish data set MIABIS (Minimum Information About Biobank Information Sharing) (Norlin et al. 2012 ) and interfaces with protocols submitted to the Molecular Methods Database (Klingström et al. 2013 ). To facilitate biobank use of this coding system, two support tools have been developed for generating (SPRECalc) and encoding (SPRECware) relevant information (Lehmann et al. 2012) .
The BRISQ was developed in 2011 in response to identified variations in the amount and type of preanalytical information reported in the literature (Moore et al. 2011 (Moore et al. , 2013 . The authors created a tiered coding system to be used by biorepositories in reporting biospecimen quality variables to researchers and by researchers in reporting these variables in publications (Moore et al. 2011 (Moore et al. , 2013 . The elements in BRISQ were included to enable evaluation and replication of reported studies involving human biospecimens, and include references to each stage of the biospecimen lifecycle (Moore et al. 2011 (Moore et al. , 2013 . Tier 1 of the coding system includes items considered to be recommended to report, with lesser priority assigned to Tier 2 (items beneficial to report) and Tier 3 (additional items to report) (Moore et al. 2011 (Moore et al. , 2013 . Reporting variables for the SPREC and BRISQ codes overlap somewhat, however the SPREC places greater focus on the biospecimen collection mechanism (Fig. 2) and includes a standardised method for reporting variables (Lehmann et al. 2012) . Conversely, the BRISQ encompasses more stages of the biospecimen timeline (Fig. 2) , including those prior to biobank specimen receipt, such as patient disease status and clinical characteristics, and allows the direct reporting of biospecimen QC results (Moore et al. 2011) .
Although the SPREC and BRISQ codes are not intended to replace evaluations of biospecimen quality, they represent an important tool for transparent reporting of the biospecimen quality measures that have, and have not, been undertaken. Both tools acknowledge that biobanks and/or researchers may not be able to report on an entire suite of variables due to procedural or logistical shortfalls (Lehmann et al. 2012; Moore et al. 2011 Moore et al. , 2012 Moore et al. , 2013 Simeon-Dubach and Moore 2014) . However, reporting on preanalytical variables where at all possible is purported to improve translational study outcomes (Simeon-Dubach and Moore 2014). This has been recognised by The Journal of Pathology, Histopathology (Simeon-Dubach et al. 2012 ) and, more recently, Biopreservation and Biobanking (Simeon-Dubach and Moore 2014), which all endorse the use of BRISQ reporting in manuscript submissions. Indeed, the main driver for reporting complete BRISQ data sets may represent journal requirements enforced through the reviewer community (Braun et al. 2014) . In response to the poor reporting of Tier 1 BRISQ data elements in the cancer research literature, an online BRISQ reporting tool has been created . The BRISQ Report tool allows biobanks to provide BRISQ data to biospecimen recipients in the form of a structured report, which can be included in submitted/published manuscripts as supplementary data .
Biobank networks as a means of improving standardisation and harmonisation
Stand-alone biobanks have been reported to experience increased difficulty in quality management and standardisation implementation, with challenges relating to a lack of harmonised standard operating procedures (SOPs) and biobanking guidelines (Zhang et al. 2015) . Developing separate SOPs based on the lack of (or variable) best practice documentation can lead to interbiobank variations in pre-analytical handling of biospecimens (Kiehntopf and Krawczak 2011; Morente et al. 2006; Yuille et al. 2010) . Biobank networking links can encourage a greater focus on biospecimen quality (Meir et al. 2014 ) via the use of best practice protocols (Catchpoole et al. 2007 ). For example, funding for the Canadian Tumour Repository Network (CTRNet) is restricted to the provision of network activities, such as certification programmes, SOPs and biobanking policies . Biobank networking confers advantages to researchers by providing capacity to access larger sample numbers and increasing experimental statistical power (Asslaber and Zatloukal 2007) , and to funding bodies through more effective use of infrastructure and resources (Kiehntopf and Krawczak 2011; Morente et al. 2006; Zika and Defrasne 2010) . For example, a networked biobank hub model may allow hiring and cross-training of dedicated staff, as well as sharing of high-cost equipment (Simeon-Dubach and Watson 2014).
Biobank networks are located across North America, Europe and the Asia-Pacific region (Ahmed 2011; Catchpoole et al. 2007; Meir et al. 2014) , and are usually based on common geography, sample type/s collected, and/ or formats of supplied samples. However, there is still further potential to develop additional, improved biobank networks (Meir et al. 2014; Zika et al. 2011) . A survey of European biobanks reported increasing biobanking activity in recent years (Zika et al. 2011 ). This increases the likelihood of biobank networking and provides strong motivation to pursue further linkages between biobanks, both nationally and internationally (Zika et al. 2011) . A major barrier to biobank networking has indeed been the lack of biobank inventories (Ahmed 2011) , which may in turn reflect challenges in identifying individual biobanks (Boyer et al. 2012 ). This was reflected in a European survey, where variable numbers of biobanks per country reflected the existence/absence of national biobank networks (Zika et al. 2011) . The need for better biobank inventories is being recognised through, for example, an on-line catalogue of European biobanks established through the European Union BBMRI (Wichmann et al. 2011 ).
Biobank accreditation/certification
It has been argued that achieving the strict standards required for genome-based medicine will require a level of biobank oversight achievable through either voluntary accreditation/certification or an official regulatory framework (Browman 2012) . Standards could also be applied by institutional review boards to research proposals involving biobanks (Browman 2012) . Accreditation of biobanks has been proposed to promote the adherence to regulations by biobank staff members, as regulations are controlled through audits and reviews (Herpel et al. 2010) .
The relative merits of biobank certification (which addresses adherence to designated standards) and accreditation (which addresses result-oriented performance and competence to carry out specific tasks) have been debated (Herpel et al. 2010; Matzke et al. 2012) . CTRNet established a certification programme in response to strong support from Canadian biobank stakeholders (Matzke et al. 2012 ). This programme includes requesting a set of biospecimens from each biobank, although the results of this assessment are not employed as a factor in determining certification (Matzke et al. 2012 ). In contrast, Herpel et al. (2010) advocated an accreditation model, as they concluded that certification did not permit the assessment of core biobanking practices, such as entry and exit tissue controls. Regardless of whether individual biobanks choose accreditation or certification, barriers exist in terms of the personnel and resources needed to prepare for and complete the accreditation process, and to maintain these standards going forward (Herpel et al. 2010 ).
Implementation and effectiveness of biobank QC activities
Despite increasing recognition of the importance of biospecimen quality, there is limited evidence in the literature that QC reporting systems are being taken up at the biobank coalface, and that information about biospecimen quality is routinely communicated to researchers. A 2003 review of human biobanks in six European Union countries concluded that while good practice guidelines were generally followed and quality controls performed, quality procedures were not always clearly explained (Hirtzlin et al. 2003 ). An analysis of a cross-section of publications in two cancer journals in 1998, 2004 and 2010 revealed poor reporting of most BRISQ biospecimen-related data elements, and this trend did not significantly improve over the study period ). More focussed literature analyses also revealed significant differences in the reporting of clinical chart versus biobank BRISQ data field groups (Braun et al. 2014) . Clinical chart fields were reported in at least 50 % of the manuscripts examined, whereas some biobank chart fields were reported in less than 25 % of publications (Braun et al. 2014 ). While it is unclear whether rates of BRISQ chart field reporting reflect the priorities of biobanks, researchers or both groups, this result suggests an underestimation of the influence of preanalytical factors upon research results. Any such underestimation by researchers could partly derive from biospecimen science publications appearing in a range of scientific journals, leading to researchers being unaware of these collective results (Moore 2012) .
The biobank literature frequently cites the reasonable assumption that networking and the top-down imposition of standards through certification and/or accreditation will improve adherence to standards, and increase inter-bank operational harmonisation (Ahmed 2011; Matzke et al. 2012) . However, there is little demonstrable evidence that this occurs in practice. Perhaps this is partly because biobank accreditation/ certification are relatively recent activities, and there has been insufficient time to reliably measure their impact on downstream processes. There are similarly few reports describing which QC activities are undertaken by biobanks that do not belong to formal networks, or have not submitted to accreditation or certification. In a large US biobank cohort, it was unclear to which extent best practices were followed in the absence of systems of accreditation (Henderson et al. 2013b) . However, in a smaller Australian biobank cohort, we noted significantly improved reported awareness of biobanking best practices and use of QC measures by poly-user versus mono/oligo-user biobanks (Rush et al. 2015) . Open-access (or poly-user) biobanks also employed more staff, were more likely to provide formal staff training, and reported better access to governance support (Rush et al. 2015) . There is also little published information regarding how biobanks communicate measures of sample quality to researchers, despite the availability of appropriate tools ). Further research is clearly required to better describe understand barriers to biobank QC activities and reporting in a range of biobank settings.
Biospecimen QC reporting from researchers to biobanks
In addition to biobanks communicating pre-analytical data and measures of biospecimen quality to researchers, there is also scope for researchers to return unused samples, research results and independent measures of biospecimen quality to biobanks (Fig. 3) . In a European Union biobank survey, the majority of biobanks required researcher feedback regarding experimental outcomes, as well as sample return, although the degree of compliance with these requirements was not reported (Zika et al. 2011) . In a U.S. cohort, biobanks that required researchers to pay for biospecimens (in addition to handling and shipping costs) were significantly less likely to require biospecimen return, suggesting that payment for biospecimens may result in less reach-through control over specimens and the data generated (Henderson et al. 2013b) . A reduced requirement for researchers to communicate with biobanks may therefore be an unintended consequence of increased pressures upon biobanks to achieve cost recovery. There is currently heightened interest in the role of biobanks in managing returned research findings and incidental results (Bledsoe et al. 2013; Wolf et al. 2012) . At present, these discussions pertain to the return of clinically significant information (Bledsoe et al. 2013; Wolf et al. 2012 ) and do not yet extend to measures of biospecimen quality and suitability for purpose. Nonetheless, any focus upon researcher-biobank communication is welcome and should highlight how little attention this topic has previously received.
Summary and concluding remarks
Biobanks and biospecimen researchers have a naturally symbiotic relationship that could be further enhanced for the benefit of many. Cancer researchers need access to large cohorts of high-quality biospecimens in order to generate robust data. This increases the demand upon biobanks, which is a welcome pressure, as biobanks increasingly need to demonstrate that their samples are used for research (Simeon-Dubach and Watson 2014) . Supplying samples of sufficient quantity and quality also allows biobanks to receive contributions from researchers, such as manuscript co-authorship and cost reimbursement (Riegman et al. 2015) .
Biobanks and their research clients are indeed ideal partners in the study and promotion of the use of high-quality biospecimens in research. Biobank staff have unique access to and an unparalleled capacity to report on a range of preanalytical variables. Although researchers can perform some degree of independent validation of biospecimen quality, they are heavily reliant upon biobanks for detailed information on how biospecimens were sourced and processed. In turn, researchers are expert in their fields of investigation, and in the analytes that they are assessing, and have access to further expertise through collaborative networks (Lim et al. 2011) . The routine supply of detailed biospecimen data and subsequent integration of these variables into research analyses could lead to the identification of unexpected associations between pre-analytical variables and research measures, just as collaborations between laboratory scientists and data analysts can facilitate the identification of batch effects (Leek et al. 2010 ). This would extend biospecimen science from a discrete field to a routine activity carried out by all biospecimen researchers. Better communication between biobanks and researchers could have other benefits. Researchers can educate biobank staff about their biospecimen format and quality requirements, which could assist the biobank in tailoring its current activities and improving its long-term sustainability SimeonDubach and Watson 2014) . In turn, biobank staff can help researchers to understand how biobank operations affect biospecimen quality, allowing researchers to design better, more feasible experiments and overall studies. There needs to be a much greater emphasis placed on the importance of ongoing communication between biobanks and researchers, not least because this will be a requirement for the return of research results. As one way to progress this, cancer research conferences could aim to include more presentations about biospecimen quality and research reproducibility in shared conference sessions involving both cancer researchers and biobankers.
There are many gaps in our current knowledge. We lack a detailed understanding of how pre-analytical variables impact upon individual research analytes. For example, there is a lack of information on the effects of physical forces on solutes during liquid-solid transitions that could contribute to the development of better evidence-based freeze-thaw processes (Lim et al. 2011) . We need more information on the QC activities that are actually performed by biobanks, as opposed to the activities that are recommended or expected by topdown networking models. We need to understand the level of QC result reporting back to researchers, which has been poorly investigated, so that the uptake of QC reporting in the research literature can be understood and improved. While improved biospecimen data reporting should increase the rate of research result validation and translation, research is also required to examine whether this occurs in practice . Similarly, we need baseline descriptions of biobank-researcher communication, in order to design and test strategies for this communication to improve.
There has been a great deal of discussion around the ethics of biobanking, which tends to focus upon the custodianship of samples, privacy protection and data return to participants (Wheelock et al. 2015) . However, the use of inadequate biospecimens in research is also unethical, leading to wasted research resources (Vaught and Lockhart 2012) and downstream consequences for patients and healthcare systems. Improving our understanding and assessment of biospecimen quality, and of how communication between biobanks and researchers can improve biospecimen use, could have a substantial impact upon the validity of research obtained from human biospecimens, and thereby accelerate the translation of research results to patients.
